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Abstract
The connection between long Gamma Ray Bursts (GRBs) and Supernovae (SNe),
have been established through the well observed cases of GRB980425/SN 1998bw,
GRB030329/SN 2003dh and GRB031203/SN 2003lw. These events can be explained
as the prompt collapse to a black hole (BH) of the core of a massive star (M ∼ 40M⊙)
that had lost its outer hydrogen and helium envelopes. All these SNe exhibited strong
oxygen lines, and their energies were much larger than those of typical SNe, thus
these SNe are called Hypernovae (HNe). The case of SN2006aj/GRB060218 appears
different: the GRB was weak and soft (an X-Ray Flash, XRF); the SN is dimmer and
has very weak oxygen lines. The explosion energy of SN2006aj was smaller, as was
the ejected mass. In our model, the progenitor star had a smaller mass than other
GRB/SNe (M ∼ 20M⊙), suggesting that a neutron star (NS) rather than a black
hole was formed. If the nascent neutron star was strongly magnetized (a so-called
magnetar) and rapidly spinning, it may launch a weak GRB or an XRF. The final
fate of 20-30 M⊙ stars show interesting variety, as seen in the very peculiar Type
Ib/c SN 2005bf. This mass range corresponds to the NS to BH transition. We also
compare the nucleosynthesis feature of HNe with the metal-poor stars and suggest
the Hypernova-First Star connection.
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1 Supernovae, Hypernovae,
and Gamma-Ray Bursts
Massive stars in the range of 8 to ∼
130M⊙ undergo core-collapse at the
end of their evolution and become
Type II and Ib/c supernovae unless
the entire star collapses into a black
hole with no mass ejection. These
Type II and Ib/c supernovae (as well
as Type Ia supernovae) release large
explosion energies and eject explosive
nucleosynthesis materials, thus hav-
ing strong dynamical, thermal, and
chemical influences on the evolution
of interstellar matter and galaxies.
Therefore, the explosion energies of
core-collapse supernovae are funda-
mentally important quantities, and
an estimate of E ∼ 1× 1051 ergs has
often been used in calculating nu-
cleosynthesis and the impact on the
interstellar medium. (In the present
paper, we use the explosion energy
E for the final isotropic kinetic en-
ergy of explosion.) A good example
is SN1987A in the Large Magellanic
Cloud, whose energy is estimated to
be E = (1.0 - 1.5) × 1051 ergs from
its early light curve (50).
One of the most interesting re-
cent developments in the study
of supernovae (SNe) is the dis-
covery of the connection between
long-duration Gamma Ray Bursts
(GRBs) and a particular subtype
of core-collapse SNe (Type Ic) as
has been clearly established from
GRB 980425/SN 1998bw (10), GRB
030329/SN 2003dh (64; 15), and
GRB 031203/SN 2003lw (28). These
GRB-SNe have similar properties;
they are all Hypernovae, i.e., very en-
ergetic supernovae, whose isotropic
kinetic energy (KE) exceeds 1052 erg,
about 10 times the KE of nor-
mal core-collapse SNe (hereafter
E51 = E/10
51 erg).
Figure 1 shows the spectrum of
SN 1998bw/GRB 980425 a few days
before maximum. The spectrum of
SN 1998bw has very broad lines, in-
dicative of the large E. The strongest
absorptions are Ti ii-Fe ii (short-
wards of ∼ 4000A˚, Fe ii-Fe iii (near
4500A˚), Si ii (near 5700A˚), O i-Ca ii
(between 7000 and 8000 A˚). From the
synthetic spectra and light curves, it
was interpreted as the explosion of a
massive star, with E ∼ 30× 1051 erg
and Mej ∼ 10M⊙.(18) Also the very
high luminosity of SN 1998bw in-
dicates that a large amount of 56Ni
(∼ 0.5M⊙) was synthesized in the
explosion.
The other two GRB-SNe, 2003dh
and 2003lw, are also characterized
by the very broad line features and
the very high luminosity. Mej and
EK are estimated from synthetic
spectra and light curves and sum-
marized in Figure 2(46; 32; 7; 34).
It is clearly seen that GRB-SNe
are the explosions of massive pro-
genitor stars (M ∼ 35 − 50M⊙),
have large explosion kinetic en-
ergies (E ∼ 3 − 5 × 1052 erg),
synthesized large amounts of 56Ni
(∼ 0.3 − 0.5M⊙), thus forming the
“Hypernova Branch” in Figure 2.
Other “non-GRB Hypernovae”, such
as SN 1997ef (19; 29), SN 2002ap
(31), and SN 2003jd (33), have been
observed. These HNe show spectral
features similar to those of the GRB-
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Fig. 1. The spectra of 3 Hypernovae a few days before maximum.
SN 1998bw/GRB 980425 represents the GRB-SNe (18). SN 2002ap is a non-GRB
Hypernova. SN 2006aj is associated with XRF 060218, being similar to SN 2002ap.
SNe but are not known to have been
accompanied by a GRB. The esti-
matedMej andE, obtained from syn-
thetic light curves and spectra, show
that there is a tendency for non-GRB
HNe to have smaller Mej, E, and
lower luminosities as summarized in
Figure 2. For example, SN 2002ap
has similar spectral features, but
narrower and redder (Fig. 1), which
was modeled as a smaller energy ex-
plosion, with E ∼ 4 × 1051 erg and
Mej ∼ 3M⊙(31).
Recently X-Ray Flash (XRF) 060218
has been found to be connected to SN
Ic 2006aj (5; 57). SN 2006aj is very
similar to SN 2002ap, being a less en-
ergetic (E51 ∼ 2). However, it differs
in the lack of the O i-Ca ii absorption
near 7500A˚. The progenitor is esti-
mated to be∼ 20M⊙, thus being sug-
gested to be a “neutron star-making
SN” (35) (see §2 for details).
Hypernovae are also characterized
by asphericity from the observations
of polarization and emission line fea-
tures (e.g., 74; 21; 23). The explosion
energy of the aspherical models for
hypernovae tends to be smaller than
the spherical models by a factor of 2 -
3, but still being as high as E51 ∼> 10
(26).
In contrast to HNe, SNe II 1997D
and 1999br were very faint SNe with
very low KE (70; 11; 78). In the dia-
gram that shows E and the mass of
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Fig. 2. The kinetic explosion energy E and the ejected 56Ni mass as a function of
the main sequence mass M of the progenitors for several supernovae/hypernovae.
56Ni ejectedM(56Ni) as a function of
the main-sequence mass Mms of the
progenitor star (Figure 2), therefore,
we propose that SNe from stars with
Mms ∼> 20 − 25M⊙ have different E
andM(56Ni), with a bright, energetic
“hypernova branch” at one extreme
and a faint, low-energy SN branch at
the other (53). For the faint SNe, the
explosion energy was so small that
most 56Ni fell back onto the compact
remnant (e.g., 63). Thus the faint SN
branch may become a “failed” SN
branch at larger Mms. Between the
two branches, there may be a variety
of SNe (11; 69).
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This trend might be interpreted as
follows. Stars more massive than ∼
25 M⊙ form a black hole at the end
of their evolution. Stars with non-
rotating black holes are likely to
collapse “quietly” ejecting a small
amount of heavy elements (Faint su-
pernovae). In contrast, stars with
rotating black holes are likely to give
rise to Hypernovae. The hypernova
progenitors might form the rapidly
rotating cores by spiraling-in of a
companion star in a binary system.
Here we focus on our findings that
SN Ic 2006aj (§2) and SN Ib 2005bf
(§3) are very different SNe from
previously known SNe/HNe. These
properties might be due to their pro-
genitor masses, which indicate that
these SNe correspond to the border
from the NS and BH formation.
As a related topic, it is of vital im-
portance to identify the first gen-
eration stars in the Universe, i.e.,
totally metal-free, Pop III stars. We
examine possible GRB/Hypernova -
First Star connection through nucle-
osnthesis approach (55). We summa-
rize nucleosynthesis features in hy-
pernovae, which must show some im-
portant differences from normal su-
pernova explosions (§4). This might
be related to the unpredicted abun-
dance patterns observed in the ex-
tremely metal-poor halo stars. This
is one of the important challenges of
the current astronomy (76; 1).
2 SN 2006aj
GRB060218 is located in a galaxy
only ∼ 140Mpc away and it is the
second closest event as ever. The
GRB was weak (5), as is often the
case for nearby ones (62), and was
classified as X-Ray Flash (XRF) be-
cause of its soft spectrum. As the
GRB was not followed by a bright af-
terglow, the presence of a SN 2006aj
was soon confirmed (57; 43). Here
we summarize the properties of SN
2006aj by comparing with other
SNe Ic.
SN 2006aj has several features that
make it unique. It is less bright than
the other GRB/SNe (Figure 3). Its
rapid photometric evolution is very
similar to that of a dimmer, non-
GRB SN 2002ap (31), but it is some-
what faster. Although its spectrum
is characterized by broader absorp-
tion lines as in SN 1998bw and other
GRB/SN, they are not as broad
as those of SN 1998bw, and again
it is much more similar to that of
SN 2002ap (Figure 4). The most in-
teresting property of SN 2006aj is
surprisingly weak oxygen lines, much
weaker than in Type Ic SNe.
2.1 Spectroscopic Models
In order to quantify its properties,
we modeled the spectra of SN 2006aj
with a radiation transfer code as in
(30). We first employed the same ex-
plosion model applied for SN 2002ap
(31). The model has an ejected mass
Mej ∼ 3M⊙ and a kinetic energy
5
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Fig. 3. The bolometric LC of SN 2006aj compared with other GRB/SN (SN 1998bw,
SN 2003dh) and non-GRB/SN (SN 1997ef).
E ∼ 4 × 1051 erg. This explosion
model gives reasonable fits to the
spectra.
However, in order to improve the
match, we had to reduce the masses
of both oxygen and calcium sub-
stantially and reduce Mej accord-
ingly (Figure 5). As a result, we de-
rive for SN 2006aj Mej ∼ 2M⊙ and
E ∼ 2 × 1051 erg. Lack of oxygen in
the spectra does not necessarily mean
absence of oxygen in the ejecta. Our
model contains ∼ 1.3M⊙ of O, and
oxygen is still the dominant element.
The strength of the OIλ7774 line,
which is the strongest oxygen line
in optical wavelength, is sensitive to
the temperature in the ejecta. Since
the fraction of OI is larger in the
lower temperature ejecta (although
OII is still the dominant ionization
state), the normal SNe Ib/c always
show the strong OI absorption (see
SN 1994I in Fig 4) irrespective of the
ejecta mass.
In more luminous SNe like GRB-SNe
and SN 2006aj, the OI fraction tends
to be smaller. However, if the ejecta
are very massive, e.g., ∼ 10M⊙,
the mass of OI is large enough to
make the strong absorption (see SN
1998bw in Fig 4). In the case of SN
2006aj, the temperature is larger
than in normal SNe Ib/c. Therefore,
the weak OI line indicates that the
ejecta mass is not as massive as SN
1998bw, which supports our conclu-
sion.
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Fig. 4. (top) The optical spectrum of SN 2006aj at 13 days since the GRB/XRF
(bold line) compared with the spectrum of SN 2002ap (thin gray line) and SN 1994I
(dotted line) at ∼ 13 days since the explosion. (bottom) The optical spectrum of SN
2006aj at 16 days since the GRB/XRF (bold line) compared with the spectrum of
SN 2002ap at ∼ 15 days since the explosion (thin gray line) and SN 1998bw at 16
days since GRB980425 (dotted line).
2.2 Light Curve Models
The spectroscopic results are con-
firmed through the light curve mod-
eling. The timescale of the LC around
maximum brightness reflects the
timescale for optical photons to dif-
fuse (3). For the more massive ejecta
and the smaller kinetic energy, the
LC peaks later and the LC width
becomes broader becaause it is more
difficult for photons to escape.
We synthesize the theoretical light
curve with the 1-dimensional density
and chemical abundance structure
that we find in the above spectro-
scopic analysis. We then compare it
with the optical-infrared bolomet-
ric light curve of SN 2006aj. The
best match to the rapidly rising light
curve is achieved with a total 56Ni
mass of 0.21M⊙ in which 0.02M⊙ is
located above 20,000km s−1(Figure
6). The high-velocity 56Ni is respon-
sible for the fast rise of the light
curve, because photons created can
escape more easily.
In the model, the mass fraction of
56Ni in the high velocity region is as
large as ∼ 35%, which is unlikely to
be attained in a spherically symmet-
ric explosion. In a realistic asymmet-
ric explosion, the high-velocity 56Ni
could abundantly be produced along
the direction of theGRB jets (23; 24).
7
Fig. 5. Synthetic spectra with a explosion model with (Mej, E) =
(2.0M⊙, 2.0× 10
51ergs) [gray solid lines] and (4.0M⊙, 9.0 × 10
51ergs) [black dashed
lines] compared with the observed spectra of SN 2006aj (solid lines).
2.3 The Progenitor and Implica-
tions for XRF
The properties of the SN 2006aj
(smaller energy, smaller ejected
mass) suggest that SN 2006aj is not
the same type of event as the other
GRB-SNe known thus far. One pos-
sibility is that the initial mass of
the progenitor star is much smaller
than the other GRB-SNe, so that the
collapse/explosion generated less en-
ergy. If the zero-age main sequence
mass is ∼ 20 − 25M⊙, for example,
the star would be at the boundary
between collapse to a black hole or
to a neutron star. In this mass range,
there are indications of a spread in
both E and the mass of 56Ni synthe-
sized (11). The fact that a relatively
large amount of 56Ni is required in
SN 2006aj possibly suggests that the
star collapsed only to a neutron star
because more core material would
be available to synthesize 56Ni in the
case.
Although the kinetic energy of
∼ 2 × 1051 erg is larger than the
canonical value (1×1051 erg, (49)) in
the mass range ofMms ∼ 20−25M⊙,
such an energy may be easily attain-
able. Additionally, magnetar-type
activity may have been present, in-
creasing the explosion energy(66). It
is conceivable that in this weaker ex-
plosion than typical GRB-SNe, the
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fraction of energy channeled to rela-
tivistic ejecta is smaller, giving rise
to an XRF rather than a classical
GRB.
Another case of a SN associated
with an XRF has been reported
(XRF030723)(9). The putative SN,
although its spectrum was not ob-
served, was best consistent with the
properties of SN 2002ap (67). This
may suggest that XRFs are asso-
ciated with less massive progenitor
stars than those of canonical GRBs,
and that the two groups may be
differentiated by the formation of
a neutron star (44) or a BH. Still,
the progenitor star must have been
thoroughly stripped of its H and He
envelopes, which is a general prop-
erty of all GRB-SNe and probably
a requirement for the emission of a
high energy transient. These facts
may indicate that the progenitor is
in a binary system.
If magnetars are related to the explo-
sion mechanism, some short γ-ray re-
peaters energized by a magnetar (65;
66) may be remnants of GRB060218-
like events. Magnetars could gener-
ate a GRB at two distinct times. As
they are born, when they have a very
large spin rate (∼ 1 ms), an XRF
(or a soft GRB) is produced as in
SN2006aj/GRB060218. Later (more
than 1,000 yrs), when their spin rate
is much slower, they could produce
short-hard GRBs (17).
Stars of mass 20 − 25M⊙ are much
more common than stars of 35 −
50M⊙, and so it is highly likely
that events such as GRB060218
are much more common in nature
than the highly energetic GRBs.
They are, however, much more dif-
ficult to detect because they have
a low γ-ray flux. The discovery of
GRB060218/SN 2006aj suggests
that there may be a wide range of
properties of both the SN and the
GRB in particular in this mass range.
The continuing study of these in-
triguing events will be exciting and
rewarding.
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3 SN 2005bf
Peculiar and inhomogeneous na-
tures of supernovae originating from
Mms ∼ 20−30M⊙, i.e., boundary be-
tween a neutron star formation and
a black hole formation, are further
highlighted by SN 2005bf. Unlike SN
2006aj/GRB060218, it did not show
a high energy transient counter part.
However, it did show very unique
photometric and spectroscopic be-
havior. Based on the calculated light
curve and the spectra, we believe
that SN2005bf fits into the scheme
suggested by (51) which places core-
collapse SN in a sequence (IIP-IIL-
IIb-Ib-Ic) of increasing mass loss
from the progenitor star, and that it
originated in collapse of a star with
Mms ∼ 25M⊙.
SN 2005bf was discovered by (40; 41)
on April 6, 2005 (UT) in the spiral
arms of the SBb galaxy MCG +00-
27-5. It was initially classified as a
Type Ic SN (SN Ic) (42; 37). As time
went by, He lines were increasingly
developed. Then it was classified as
Type Ib (75; 38). Even stranger, the
light curve is very different from any
known SN (12): a fairly rapid rise to
a first peak was followed by a period
of stalling or slow decline and by a
new rise to a later, brighter peak at
∼ 40 days after explosion (Fig. 7).
The brightness (Mbol ∼ −18 mag) at
the relatively slow peak date suggests
that a large amount of 56Ni is ejected.
SN 2005bf does not show the broad
lines seen in hypernovae. These prop-
erties make SN 2005bf a very inter-
esting SN.
3.1 Early Phases
To derive physical quantities from
observed properties, we first try fit-
ting the light curve covering the first
80 days (68). The radioactive decay
(56Ni → 56Co →56Fe) is responsible
for powering the light curve. The the-
oretical LC width near peak depends
on ejected mass Mej and explosion
kinetic energy E as MejE
−3 (3; 54).
The mass and distribution of 56Ni
are constrained by the LC brightness
and shape. In general, various com-
binations of (Mej, E) can fit the LC.
The degeneracy can be solved by per-
forming spectral modeling, since the
line width is scaled as E1/2M−1/2.
We compute a set of synthetic light
curves for a He star model, by vary-
ing (Mej, E) and abundance dis-
tribution (including distribution of
the heating source 56Ni). Param-
eters are constrained by the ob-
served bolometric light curve (LC)
constructed as in (77) (see Fig. 7).
We assumed a Galactic reddening
E(B − V ) = 0.045, a distance mod-
ulus µ = 34.5, and an explosion date
of 2005 March 28 UT as inferred
from the marginal detection on 2005
March 30 UT (41). The light curve
for a model with Mej = 7M⊙ and
E51 = E/10
51ergs = 2.1 is shown as
a dashed line in Figure 7.
The model curve yields a nice fit un-
til the second, main peak is reached.
However, the observed LC declines
rapidly thereafter, unlike other well-
observed SNe Ib/c. A possible solu-
tion for this is to consider a situation
in which the ejecta are more trans-
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Fig. 7. The bolometric light curve of SN2005bf, constructed from FLWO (filled
squares; (39)), HCT (filled circles; (2)), and MAGNUM (filled triangle) photometry.
Synthetic light curves are shown for normal (dashed) and reduced (solid) γ-ray
opacities (see text).
parent to gamma-rays than in other
SNe Ib/c (usually κγ = 0.025cm
2g−1
(25)). Using κγ = 0.001cm
2g−1 at
v < 5, 400 km s−1 the light curve
shown in Figure 7 is obtained. The
model parameters are the following:
Mej = 7M⊙, E51 = 1.3, M(
56Ni) =
0.32M⊙. The parameters are not so
different from those derived without
accelerated gamma-ray escape, since
the set of (Mej, E) is constrained by
the diffusion time scale and expan-
sion time scale, and M(56Ni) is de-
termined from the peak brightness.
These are basically independent from
the LC behavior after the peak date.
To break the degeneracy in (Mej,
E) and select the most likely model,
synthetic spectra are computed and
compared to the observed ones in
Figure 8. The model with (Mej/M⊙,
E51) = (7, 1.3) provides satisfactory
fits for all spectra.
At the time of the first peak (UT
April 13, 16 days after explosion;
(39)) SN 2005bf exhibited SN Ic fea-
tures, but actually both He and H
can be seen as weak features. The
feature near 5700A˚ is probably He
I 5876A˚. A photospheric velocity of
vph = 6, 200 km s
−1is obtained by
the spectroscopic model. The model
with Mej = 7M⊙ fits better than
that with Mej = 6M⊙. The feature
at 6300A˚ is partly attributed to Hα
(Fig. 8, inset), indicating presence
of ∼ 0.02M⊙ of hydrogen above
v ∼> 13, 000 km s
−1. The spectra
near maximum brightness (UT May
4, 37 days after explosion) and on
UT May 16th (49 days) are reason-
ably reproduced by the same ejecta
model, with the photospheric veloc-
ity vph = 4, 600 km s
−1 and 3, 800
km s−1, respectively.
According to the model, the ejecta
11
Fig. 8. Spectra of SN 2005bf (thick lines: 2005 April 13 - FLWO, (39); May 4 -
HCT, (2); May 16 - Subaru Telescope) compared to the synthetic spectra (dashed
lines) computed with the model (Mej/M⊙, E51) = (7, 1.3). The position of He lines
is shown by tick marks. The absorptions near 4900 and 5100A˚ are blended with Fe
II lines. The inset shows the absorption near 6300A˚ in the April 13th spectrum. The
model with H at v ∼> 13, 000 km s
−1 (dashed line) provides the best fit. Thin and
dotted lines show models with H in the whole ejecta and no H, respectively.
properties are derived as follows:
Mej ∼ 7M⊙ and E51 ∼ 1.3. The
ejecta consist of 56Ni (∼ 0.32M⊙)
mostly near the center, He (∼
0.4M⊙), intermediate mass elements
(mainly O, Si, S), and a small amount
of H (∼ 0.02M⊙). Thus the progeni-
tor had lost almost all its H envelope,
but retained most of the He-rich
layer (a WN star).
The He core mass at the explo-
sion was MHe = Mej + Mcut ∼
7.5 − 8.5M⊙. The progenitor was
probably aWN star of main-sequence
mass MMS ∼ 25M⊙ (48; 73). The
formation of a WN star from a star
of only ∼ 25M⊙ suggests that rota-
tion may have been important (14),
although not sufficient to make SN
2005bf a hypernova. In order to pro-
duce ∼ 0.32M⊙
56Ni, the mass cut
that separates the ejecta and the
compact remnant should be as deep
as Mcut ∼ 1.4M⊙. This suggests
that the remnant was a neutron star
rather than a black-hole. The mass
rangeMMS ∼ 25M⊙ is near the tran-
sition from neutron star (SN 2005bf)
to black hole formation (SN 2002ap;
12
(31)), the exact boundary depending
on rotation and mass loss.
The ejecta we derived have small
E relative to Mej. In this way, rela-
tively delayed peak at ∼ 40 days is
explined. The rapid rise to the first
peak at ∼ 20 days requires a small
amount of 56Ni (∼ 0.06M⊙) at high
velocity (v ∼> 3, 900 km s
−1), while
most of 56Ni is neat the center be-
low 1, 600 km s−1. The high velocity
component of 56Ni is at the bot-
tom of the He layer. It may express
56Ni-rich jets or blobs that did not
reach the He layer. Such inhomoge-
neous structure might result in the
enhanced γ-ray escape as is assumed
to obtain a better fit to the LC after
the second peak.
3.2 Late Phases
At late epochs (∼ 1 year since the
explosion), a SN enters into nebular
phases. Then a SN shows optically
thin spectra dominated by emission
lines arising even from the deepest
regions. Thus the nebular phase ob-
servations can prove the inner regions
of the ejecta, which are not seen at
early phases. Spectroscopy and pho-
tometry of SN 2005bf have been per-
formed on 2005 December 26 (UT)
and on 2006 February 6 with the 8.2
m Subaru telescope equipped with
the Faint Object Camera and Spec-
trograph (FOCAS; (20)). Detailed
analysis for the late time observation
is presented elsewhere (27).
Figure 9 shows the reduced spectra of
SN 2005bf on 2005 December 26 (∼
270days since the putative explosion
date). There is a feature at∼ 6, 500A˚
with FWHM ∼ 15, 000 km s−1. This
is most likely Hα emission. This sup-
ports the existence of the thin H en-
velope described in §3.1
The spectrum shows strong forbid-
den emission lines, in which [OI]
λλ6300, 6363 and [CaII] λ7300 are
the strongest. Other weak emis-
sion features are visible at ∼ 5200A˚
([FeII]) and ∼ 8700A˚(CaII IR and
[CI] λ8727). The [OI] λ6300/[CaII]
λ7300 ratio in SN 2005bf is relatively
small, indicating the progenitor star
with Mms < 40M⊙. A forbidden
carbon line [CI] λ8727 looks strong,
indicating high C/O ratio (∼ 35%)
in the ejecta. This suggests the pro-
genitor star with Mms ∼< 20− 25M⊙.
From these analyses, the nebular
spectra supports the progenitor mass
Mms ∼ 25M⊙, as derived in the ear-
lier phases (§3.1).
Profiles of these line profiles are
shown in Figure 9. Interestingly, all
these lines show blueshift relative to
the rest wavelength (∼ 1, 500−2, 000
km s−1). A simple and straightfor-
ward interpretation is that we see a
unipolar explosion, on average mov-
ing toward us, as is expected from
the fast-moving 56Ni seen in the early
phase (§3.1). Another interpretation
is self-absorption of the light within
the ejecta which reduces the light
from the far (therefore red) side.
These are thoroughly discussed in
Maeda et al. (2007) (27).
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Fig. 9. A nebular Spectrum of SN 2005bf
3.3 Peculiarities
The major features of SN 2005bf
can be understood in the context
of the explosion of a WN star with
the progenitor Mms ∼ 25M⊙. How-
ever, there are still some questions
to be answered, which are proba-
bly related to unique natures of the
progenitor, the central remnant, and
the explosion physics of stars with
Mms ∼ 20− 30M⊙.
First, in early phases, He lines
evolved in their strengths and veloc-
ities in a unique way. They become
stronger (therefore look like SN Ic
first, then like SN Ib afterward) as
time goes by. Their velocities are
also increased as a function of time.
At the first peak, these lines are well
explained in LTE level populations.
Near maximum brightness (UT May
4, 37 days after explosion) and on
UT May 16th (49 days), however,
level populations of He ion should be
more abundant than in LTE popula-
tions by a factor of ∼ 2.0 × 103 (at
v ∼> 6, 500 km s
−1) and ∼ 2× 106 (at
v ∼> 7, 200 km s
−1), respectively.
Non-thermal effects resulting from
radioactive decay gamma-rays are
believed to be essential to popu-
late HeI levels (22). Why SN 2005bf
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showed the peculiar evolution of He
lines is probably related to its unique
56Ni distribution. This is still an
open question, which will probably
provide further clue to understand
the natures of SN 2005bf.
Another question was brought by the
nebular phase observation. The R-
band magnitude at 2006 December
26 (∼ 270 days since the explosion)
is∼ 24.4, corresponding the absolute
magnitude ∼ −10.2 after correcting
the distance and the reddening. It
is very faint as compared to other
SNe Ib/c, at least by 2 magnitudes
(e.g., by 3 magnitudes fainter than
SN 1998bw at a similar epoch). If the
R magnitude is close the bolometric
magnitude (which is usually a good
approximation for SN Ib/c nebulae
if most of the light is emitted in op-
tical ranges), 56Ni required to fit the
luminosity is only ∼ 0.03 − 0.08M⊙.
Why this is much smaller than that
reproducing the early phase peak lu-
minosity (at ∼ 40 days) is still to
be answered. Several possibilities,
including late time fallback of ma-
terials onto a central remnant and
a magnetar-like activity are worth
studying (27).
4 Nucleosynthesis in Hyper-
novae and The First Star
Connection
In core-collapse supernovae/hypernovae,
stellar material undergoes shock
heating and subsequent explosive
nucleosynthesis. Iron-peak elements
are produced in two distinct regions,
which are characterized by the peak
temperature, Tpeak, of the shocked
material. For Tpeak > 5 × 10
9K, ma-
terial undergoes complete Si burning
whose products include Co, Zn, V,
and some Cr after radioactive decays.
For 4× 109K < Tpeak < 5× 10
9K, in-
complete Si burning takes place and
its decayed products include Cr and
Mn (e.g., (45)).
4.1 Supernovae vs. Hypernovae
The right panel of Figure 10 shows
the composition in the ejecta of a 25
M⊙ hypernova model (E51 = 10).
The nucleosynthesis in a normal 25
M⊙ SNmodel (E51 = 1) is also shown
for comparison in the left panel of
Figure 10 (71).
We note the following characteristics
of nucleosynthesis with very large ex-
plosion energies (47; 52; 73):
(1) Both complete and incomplete
Si-burning regions shift outward
in mass compared with normal su-
pernovae, so that the mass ratio
between the complete and incom-
plete Si-burning regions becomes
larger. As a result, higher energy
explosions tend to produce larger
[(Zn, Co, V)/Fe] and smaller [(Mn,
Cr)/Fe], which can explain the
trend observed in extremely metal-
poor stars (73; 69). (Here [A/B]
= log10(NA/NB) − log10(NA/NB)⊙,
where the subscript ⊙ refers to the
solar value and NA and NB are the
abundances of elements A and B,
respectively.)
(2) In the complete Si-burning region
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Fig. 10. Abundance distribution against the enclosed mass Mr after the explosion
of Pop III 25 M⊙ stars with E51 = 1 (left) and E51 = 10 (right) (71).
of hypernovae, elements produced
by α-rich freezeout are enhanced.
Hence, isotopes synthesized through
capturing of α-particles, such as
44Ti, 48Cr, and 64Ge (decaying into
44Ca, 48Ti, and 64Zn, respectively)
are more abundant.
(3) Oxygen burning takes place in
more extended regions for the larger
KE. Then more O, C, Al are burned
to produce a larger amount of burn-
ing products such as Si, S, and Ar.
Therefore, hypernova nucleosynthe-
sis is characterized by large abun-
dance ratios of [Si,S/O], which can
explain the abundance feature of
M82 (72).
Hypernova nucleosynthesis may have
made an important contribution
to Galactic chemical evolution. In
the early galactic epoch when the
galaxy was not yet chemically well-
mixed, [Fe/H] may well be deter-
mined by mostly a single SN event
(4). The formation of metal-poor
stars is supposed to be driven by a
supernova shock, so that [Fe/H] is
determined by the ejected Fe mass
and the amount of circumstellar hy-
drogen swept-up by the shock wave
(59). Then, hypernovae with larger
E are likely to induce the formation
of stars with smaller [Fe/H], because
the mass of interstellar hydrogen
swept up by a hypernova is roughly
proportional to E (59; 60) and the
ratio of the ejected iron mass to E
is smaller for hypernovae than for
normal supernovae.
4.2 EMP Stars from VLT Observa-
tions
The “mixing and fall back” pro-
cess can reproduce the abundance
pattern of the typical EMP stars
without a disagreement between
[(light element)/Fe] and [(Fe-peak
element)/Fe]. Figure 11 shows that
the averaged abundances of [Fe/H]
= −3.7 stars in (6) can be fitted well
with the hypernova model of 20 M⊙
and E51 = 10 (upper) but not with
the normal SN model of 15 M⊙ and
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-4.2 < [Fe/H] < -3.5 (Cayrel et al. 2004)
Fig. 11. Averaged elemental abundances of stars with [Fe/H] = −3.7 (6) compared
with the hypernova yield (upper: 20M⊙, E51 = 10) and the normal SN yield (lower:
15 M⊙, E51 = 1).
E51 = 1 (lower) (69).
4.3 Hypernovae and Zn, Co,Mn,Cr
In the observed abundances of halo
stars, there are significant differences
between the abundance patterns in
the iron-peak elements below and
above [Fe/H]∼ −2.5 - −3 (Figure
12).
(1) For [Fe/H]∼< −2.5, the mean val-
ues of [Cr/Fe] and [Mn/Fe] decrease
toward smaller metallicity, while
[Co/Fe] increases (36; 59).
(2) [Zn/Fe]∼ 0 for [Fe/H] ≃ −3 to 0
(61), while at [Fe/H]< −3.3, [Zn/Fe]
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Fig. 12. Observed abundance ratios of [Zn, Co, Cr, Mn/Fe] vs [Fe/H] [open circle:
(6); open square: (16)] compared with individual Pop III SN models (filled circle)
and IMF-integrated models (filled square).
increases toward smaller metallicity
(6).
The larger [(Zn, Co)/Fe] and smaller
[(Mn, Cr)/Fe] in the supernova ejecta
can be realized if the mass ratio be-
tween the complete Si burning region
and the incomplete Si burning region
is larger, or equivalently if deep ma-
terial from the complete Si-burning
region is ejected by mixing or aspher-
ical effects. This can be realized if
(1) the mass cut between the ejecta
and the compact remnant is located
at smaller Mr (45), (2) E is larger to
move the outer edge of the complete
Si burning region to larger Mr (47),
or (3) asphericity in the explosion is
larger (24).
Among these possibilities, a large
explosion energy E enhances α-rich
freezeout, which results in an in-
crease of the local mass fractions of
Zn and Co, while Cr and Mn are not
enhanced (71). Models with E51 = 1
do not produce sufficiently large
[Zn/Fe]. To be compatible with the
observations of [Zn/Fe]∼ 0.5, the ex-
plosion energy must be much larger,
i.e., E51 ∼> 10 for M ∼> 20M⊙, i.e.,
hypernova-like explosions of massive
stars (M ∼> 20M⊙) withE51 > 10 are
responsible for the production of Zn.
Figure 12 exhibits that the higher-
energy models tend to be located at
lower [Fe/H] = log10 (Fe/E51)−C
′ (if
C ′ distribute around a certain peak
value), and thus can explain the ob-
served trend.
In the hypernova models, the over-
production of Fe, as found in the
simple “deep” mass-cut model, can
be avoided with the mixing-fallback
model (73). Therefore, if hypernovae
made significant contributions to the
early Galactic chemical evolution,
it could explain the large Zn and
Co abundances and the small Mn
and Cr abundances observed in very
metal-poor stars (Fig. 11: (69)).
4.4 Pair Instability SNe vs. Core
Collapse SNe
In contrast to the core-collapse su-
pernovae of 20-130 M⊙ stars, the
observed abundance patterns can-
not be explained by the explosions
of more massive, 130 - 300M⊙ stars.
These stars undergo pair-instability
supernovae (PISNe) and are dis-
rupted completely (e.g., (71; 13)),
which cannot be consistent with the
large C/Fe observed in C-rich EMP
stars. The abundance ratios of iron-
peak elements ([Zn/Fe] < −0.8 and
[Co/Fe] < −0.2) in the PISN ejecta
(71; 13), cannot explain the large
Zn/Fe and Co/Fe in the typical EMP
stars (36; 56; 6) and CS22949-037
(8) either. Therefore the supernova
progenitors that are responsible for
the formation of EMP stars are most
likely in the range of M ∼ 20 − 130
M⊙, but not more massive than 130
M⊙. This upper limit depends on the
stability of massive stars.
5 Summary and Discussion
We summarize the properties of core-
collapse SNe as a function of the pro-
genitor mass. As seen in Figure 2,
three GRB-SNe are all similar Hy-
pernovae (HNe) for their Mej and E.
For non-GRBHNe, whether the non-
dection of GRBs is the effect of dif-
ferent orientations or of an intrinsic
property is still a matter of debate,
but there is a tendency for them to
have smaller Mej and E.
5.1 XRFs and GRBs from 20 - 25
M⊙ Progenitors
The discovery of XRF 060218/SN2006aj
and their properties extend the
GRB-HN connection to XRFs and
to the HN progenitor mass as low as
∼ 20M⊙. The XRF 060218 may be
driven by a neutron star rather than
a black hole.
The progenitor mass range of 20 - 25
M⊙ is particularly interesting, be-
cause it corresponds to the transition
from the NS formation to the BH
formation. The NSs from this mass
range could be much more active
than those from lower mass range
because of possibly much larger NS
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masses (near the maximum mass)
or possibly large magnetic field
(i.e., Magnetar). Possible XRFs and
GRBs from this mass range of 20 -
25 M⊙ might form a different popu-
lation.
5.2 The Rate of GRBs
An estimate and a comparison for
the rates of hypernovae and GRBs
was performed (58). Within the sub-
stantial uncertainties, the estimates
are shown to be quite comparable
and give a galactic rate of 10−6 to
10−5yr−1 for both events. These rates
are several orders of magnitude lower
than the rate of core-collapse super-
novae, suggesting that the evolution
leading to an HN/GRB requires spe-
cial circumstances, very likely due to
binary interactions.
The discovery of SN 2006aj/XRF060218
affects the estimate of the GRB rates.
The observations of various bands
suggest XRF 060218 is an intrin-
sically weak and soft event, rather
than a classical GRB observed off-
axis. The existence of a population
of less luminous GRB/XRFs than
“classical” GRBs is suggested. Such
events may be the most abundant
form of X- or gamma-ray explosive
transient in the Universe, but in-
strumental limits allow us to detect
them only locally, so that several in-
trinsically sub-luminous bursts may
remain undetected.
If the low-redshift GRBs are really
typical of the global GRB popu-
lation, then their discovery within
the current time and sky coverage
must be consistent with the local
GRB explosion rate as deduced from
the very large BATSE GRB sam-
ple. Pian et al.(57) include this un-
derluminous population, assume no
correction for possible collimation,
which may vary from object to ob-
ject, and obtain a local GRB rate
of 110+180−20 Gpc
−3yr−1, compared to
1 Gpc−3yr−1 estimated from the cos-
mological events only. The local rate
of events that give rise to GRBs is
therefore at least one hundred times
the rate estimated from the cosmo-
logical events only (i.e., those ob-
served by BATSE). The fraction of
supernovae that are associated with
GRBs or XRFs may be higher than
currently thought.
Such an estimate is only sketchy and
should be taken as an order of mag-
nitude estimate at present. It should,
however, improve as more bursts
with known redshifts are detected.
5.3 Hypernova-First Star Connec-
tion
Based on the results in the earlier sec-
tion, we suggest that the first genera-
tion supernovae were the explosion of
∼ 20-130M⊙ stars and some of them
produced C-rich, Fe-poor ejecta.
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